The outer membrane of a cyanobacterium (Synechococcus sp. strain PCC 7942) contains only a few major proteins. A gene encoding one of them, somA, was cloned and characterized. Based on the nucleotide sequence, SomA was predicted to comprise 531 amino acids with a calculated molecular mass of 57 136 Da. The deduced amino acid sequence of SomA shares similarities with two bacterial cell-surface proteins, the S-layer protein of Thermus thermophilus and the f lagellin of Campylobacter coli. The predicted amino acid sequence of SomA revealed also that it contains a signal peptide-like sequence at its N terminus. This signal peptide-like sequence was capable of mediating protein translocation across the cytoplasmic membrane into the outer membrane of Escherichia coli, provided that this sequence was fused to the E. coli outer-membrane protein, OmpF. The signal peptide-like sequence was cleaved upon the translocation of the SomA::OmpF protein. We suggest that SomA is synthesized as a precursor and that its N-terminal 24 amino acid sequence is a cleavable signal peptide involved in protein targeting into the outer membrane. To our knowledge, this is the first example of cleavable signal peptides for proteins transported into the outer membrane of cya no bacter i a.
INTRODUCTION
Cyanobacteria can be defined as prokaryotes that have a photosynthetic apparatus similar in structure and function to that of higher plant chloroplasts. Like the majority of Gram-negative eubacteria, cyanobacteria possess an outer membrane as well as a cytoplasmic membrane. In this study, we cloned a gene encoding a major outermembrane protein (OMP) from one of the most commonly studied unicellular cyanobacteria, S'ynechococcns sp. strain PCC 7942.
We have studied the major OMPs, OmpF and OmpC, in Escherichia coli (Mizuno e t al., 1983 ; Mizuno & Mizushima, 1990) . These pore-forming proteins (porins) are a paradigm for defining structure and function of the outer membrane in many Gram-negative bacteria. However, Abbreviation: OMP, outer-membrane protein.
The EMBUGenBanUDDBJ accession number of the nucleotide sequence reported in this paper is D64077.
little is known about the structure and function of the outer membrane of cyanobacteria, and as far as we know, there have been n o reports on the cloning and characterization of genes encoding OMPs in cyanobacteria.
In cyanobacteria, exported proteins may have to be transported across the photosynthetic membranes (thylakoids) as well as the inner and outer membranes of the envelope. It is well established in E . coli that translocation of the majority of protein precursors across the membranes is mediated by the see system (e.g. SecA and SecY) (Pugsley, 1993, and references therein) . Jjnechococcn.r sp. strain PCC 7942 contains the SecA and SecY homologues (Nakai e t al., 1992 (Nakai e t al., , 1994 . Examples of signal peptides have been reported for cyanobacterial secretory precursors, but mostly for proteins transported into the thylakoid lumen (Kuwabara e t al., 1987; Philbrick & Zilinskas, 1988 ; Laudenbach e t al., 1990 Laudenbach e t al., , 1991 Briggs e t al., 1990; Chitnis etal., 1991 ; Zhangetal., 1994; Shestakov e t al., 1994) . There have been no reports of a signal peptide for cyanobacterial OMPs. Thus, information on the characteristics of signal peptides specific for OMPs is Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Mon, 07 Jan 2019 14:47:06 H. UMEDA, H. A I B A a n d T. M I Z U N O needed to understand the molecular mechanism underlying differential protein targeting in cyanobacteria.
Bacterial strain and growth conditions. Synechococcus sp. strain PCC 7942 was grown at 30 "C in BGll medium supplemented with 20 mM ~~~-tris(h~droxymetliyl)methyl-2-amino-ethanesulphonic acid (TES)-KOH (pH 8-0) (Rippka et al., 1979) . For liquid cultivation, the culture was continuously aerated. Continuous illumination was provided by fluorescent lamps. When required, kanamycin was added at a concentration of 30 pg m1-I. E. coli K12 MHll60 [recA (F-AlacUl69 araD139 rpsL relA t h i A j b B yrA ompR 101 recA)] was used for expression of the SomA : : OmpF fusion protein.
Plasmid construction. Plasmid pUME7 was constructed as follows. A 355 bp EcoRI fragment encoding a portion of the somA gene was isolated from recombinant i g t l l phage (see below) and cloned into the EcoRI site of pUC118 (Vieira & Messing, 1987) . A 5.3 kb Sall-S'hI fragment encompassing the somA gene was isolated from the chromosomal DNA of Jjnechococcus sp. PCC 7942 and ligated into the Sall-S'hI site of pKT01 (a derivative of pSC101, unpublished) to yield pHAI182. Plasmid pSomA : : OmpF was constructed as follows (see Fig.  6 ). Firstly, a 616 bp XbaI-EcoRI fragment, encoding the putative signal peptide of the somA gene, was isolated from pHAI182 and ligated into the XbaI-EcoRI site of PIN-IIIA3 (Masui e t a/., 1984) to yield pUME14. A 1.6 kb PstI fragment, encoding the ompF gene, was isolated from pMAN007 (Matsuyama eta/., 1984) and ligated into the PstI site of pUCll9 (Vieira & Messing, 1987) . From the resultant plasmid, a 1.6 kb HindIII and BamHI fragment was isolated and ligated into the HindIIIBamHI site of pUME14 to yield pSomA: : OmpF.
Construction of deletion/insertion mutant. The EcoRI-EcoRI region of plasmid pHAIl82, which corresponds to an internal region of the somA gene, was replaced by a 1.4 kb EcoRI fragment of pSI029 containing the neo (neomycin phosphotransferase) gene (Suzuki et al., 1987) to yield pUME13. Wildtype Sjmechococctls sp. PCC 7942 was directly transformed by this plasmid, which cannot propagate in the cyanobacterium, and kanamycin-resistant colonies were selected as candidates carrying the somA : : neo mutation on the chromosome. DNA techniques. For nucleotide sequence analysis, a set of restriction fragments derived from pHAIl82 encompassing the somA gene was subcloned into pUC119 (Vieira & Messing, 1987) . The generation of successively shortened DNA fragments for nucleotide sequencing was performed using a kilosequence deletion kit (Takara Shuzo). The sequence analyses were performed with a DNA sequencer (Applied Biosystems Model 373h) using a PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems). For hybridization experiments, the DIG DNA Labelling and Detection Kit (non-radioactive ; Boehringer Mannheim) was used.
Isolation of SomA. Synechococctls sp. PCC 7942 was grown in 4 1 BG11 medium for 3 d. From 5 g (wet wt) of cells, the envelope fraction was prepared as described by Murata & Omata (1988) . This fraction was treated with 1 % (w/v) sodium N-lauroyl sarcosinate in buffer containing 10 mM TES-NaOH (pH 7*0), 1 mM EDTA and 10 mM NaCl for 30 min at 20 OC. The insoluble fraction was collected by centrifugation at 100 000 g for 1 h. This fraction was subjected to SDS-PAGE, and Som proteins were purified from the gel by electroelution. This fraction was used as an antigen to raise a polyclonal anti-Som antiserum in mice.
Screening of a l g t l l expression library. An expression library, prepared from Sjnechococcm sp-PCC 7942 genomic DNA in i g t l l , was screened using an anti-Som antiserum as a probe. The method was essentially the same as that described by Snyder & Davis (1 985). Phosphatase-labelled goat antiserum raised against mouse immunoglobulins was used as an indicator.
Preparation of E. coli cell envelopes and analysis by urea-SDSPAGE. The OMPs of E. coli were prepared by extraction of the cell envelope with sodium N-lauroyl sarcosinate as described by Filip et al. (1973) . The OMPs were characterized by urea-SDS-PAGE as described by Mizuno & Mizushima (1987) .
Amino acid sequencing. The SomA : : OmpF fusion protein, expressed in the outer membrane of E . coli, was separated by urea-SDS-PAGE (see Fig. 7 ) and transferred onto a PVDF membrane. Amino acid sequencing was performed with an automated amino acid sequencer (Applied Biosystems Model 476A).
RESULTS

Isolation of OMPs
A total cell-membrane fraction, containing the inner, outer and thylakoid membranes, was prepared from Sjnechococcm sp. PCC 7942 (Fig. 1, lane 1 ). An outermembrane-enriched fraction was then isolated by means of sucrose density-gradient centrifugation (Murata & Omata, 1988) . This fraction was treated with a mild detergent (sodium N-lauroyl sarcosinate) and the insoluble protein fraction, presumably containing OMPs, was recovered by centrifugation. Its protein composition was analysed by SDS-PAGE, followed by Coomassie Brilliant Blue staining (Fig. la) . A major protein band was detected on the gel (lane 2). This band was considered to correspond to major OMP(s) and apparently consisted of only a few polypeptides (tentatively referred to as ' Som', -Synecbococcus outer-membrane proteins). Som proteins were recovered from the polyacrylamide gel by electroelution (lane 3). This Som-enriched fraction was used for preparation of a polyclonal anti-Som antiserum in mice. The same set of protein fractions as those characterized in Fig. 1 a were also subjected to an immunoblotting analysis with the resultant polyclonal anti-Som antiserum, (Fig.  lb) . The results showed that the anti-Som antiserum recognizes the Som proteins in a highly specific manner (lane 4), and also that the isolated Som fraction appears to contain at least two major polypeptides (lane 6).
Cloning a gene
A Agtll expression library in E. coli, prepared from Sjnechococcus sp. PCC 7942 genomic DNA, was screened by means of immunoblotting with the anti-Som antiserum. From among 5 x lo5 phages, nine positive clones were isolated. Restriction mapping and Southern hybridization analyses of these phage DNAs indicated that they each carried an overlapping DNA segment, but of different length. One of the clones was found to carry a 350 bp EcoRI-EcoRI fragment of Sjnechococcus sp. PCC 7942 DNA, which was shared among all of the other clones (Fig. 2) . The nucleotide sequence of this EcoRI fragment revealed a potential ORF fused in-frame to the coding sequence of #?-galactosidase derived from the expression vector (Fig. 2) Although the anti-Som antiserum appeared to cross-react with two distinct major polypeptides, we did not detect another DNA sequence (see Fig. 1 b) . VC' e assumed that the cloned SaA-S'hl region may contain the coding sequence for one of the Synechococcus sp. PCC 7942 major OMPs.
Nucleotide sequence of the somA gene
The determined nucleotide sequence of the approximately 2 kb region surrounding the EcoRI sites revealed an ORF encoding 531 amino acids, which is preceded by a good prokaryotic ribosome binding site (GAGG) (Fig. 3) . A potential transcription start site was determined by primer extension analysis (underlined G residue at position 195 in Fig. 3) . A pair of prokaryotic canonical promoter sequences (-35 and -10 regions) were tentatively assigned as T A G T T T and TACCTT. However, the Nterminal amino acid sequence of the purified Som protein could not be determined, probably because of a modification. Thus, both the identity of this ORF and its initial methionine could not be verified.
The putative samA gene was disrupted in the chromosome of Synecbococcus sp. PCC 7942 by gene replacement using an insertionally inactivated somA : : neo gene (Fig. 4a , see Methods). Homologous double recombination in the chromosome was confirmed by Southern hybridization with the Sd-digested DNA (Fig. 4b) . The cell envelope fraction was isolated from the somA : : neo deletion/ insertion mutant, and its protein composition was compared with that of the parental strain by SDS-PAGE (Fig.  4c) . These results showed that the mutant strain lacks a major protein in the envelope (SomA), although it still contains another one (named SomB) encoded by a separate gene.
Features of the predicted amino acid sequence for SomA
As described above, the translation start site could not be experimentally identified for Som A. However, the amino acid sequence of SomA was predicted to comprise 531 residues with a calculated molecular mass of 57136 Da (Fig. 3) . This value is slightly larger than that estimated for the isolated SomA protein on SDS-PAGE (ix. 55 kDa). In this respect, it should be pointed out that the predicted amino acid sequence contains a signal peptidelike sequence at its N terminus (see Fig. 3 , underlined sequence). There is a hydrophobic core sequence preceded by positively charged amino acids (Lys and Arg) followed by amino acids with no or small side chains (Gly and Ala). All these characteristics are consistent with those proposed generally for bacterial signal peptides (von Heijne, 1994) . If ably explained by assuming that the somA gene specifies a precursor.
T C T A G A~A C G G C A C A G I T A G T T A A T C~T~G A~~C C~G A T C T G G G T G A C C T C~G A G A G~~G C~~G C~C~C A A G I T A C C T T A C~C~G A G A A m G A T c T A G c C A~~~C~A C
A T~~~A T~T~C~~~C~~ -10 SD M K R L F S A L L L A G C C C C G G C A A T T G C r G G T G T G G C T G C G G
N G I T S G Q I T S I T E L S D V K P T D W A Y Q A L Q S L AGTTGAGCGTTATGGCTGCATCGTCGGCTAC C C T G A T C G G A e r r A C C G T G G T A G C C C C T C T~C~A T G A~~~~ V E R Y G C I V G Y P D R T Y R G S R P L S R Y E F A A G L -35
EcoR I G A A C G C I T G C I T G G A C A A A G~W~ G C A G C G T C G A A A G A G G A T C C G A C A C C C C A A~G A~G A~~ N A C L D K V I E F A A S K E D L D T L K R L T E E F Q A E
GCfGGCGACCCTGCGTGGTCGTGITGATA~CTCGAGGCTCGTGTTAAAGAGCTCGAAGCTACCC~CTCCAC~CGACMGerA~
L A T L R G R V D S L E A R V K E L E A T R F S T T T K L Q A G G T G A A m ' A A T~C A G G G A C~~~M T A C T G e r G G C A A C G A A C G T A A C C M G A C~G e r G T A T C~C~C C G C~ G E V I F S L D A V A N T A G N E R N Q D G A V S F G N R V C A~[ ; A A C C T C A A C A C G~C A~~~G A~~A~G A C C C~~G C~G C T C G T M~~~~C G A T T C A~G C S L N L N T S F T G K D L L L T R L R A R N I E T I ' Q Q R L
EcoR I G T C G C C T~M T C C C T C G C G C~C T C G A C T A C G A C~A C C~C~~~G T C C C~~M T A C~C~
S P G F N P S G S R L D Y D G T G S P G V P N S A N T F F L T G A C A A A T T G C T G T A C C~C C C C m ' C~G A T G T C C e r r C A~G T T~A C C~~G T T C M C C C A A~C A C~~G A G C~
D K L L Y R F P V G D V S F T V G T A G V Q P Q D Y G L S D C G C T A C C T T~C A G T G G C C C T G C G A A C A~~G C~C M~A T~C~~~~A C~G A T A~C G T G A T~G A T A C C G C
A T F F S G P A N T K A F K Y V G A G V Y A D T R D A D T A T G G T G T T G G G f T C M C T G~A~~~~C A~C C A~~A C A T C A A C C~~~~~~T~~C G A G V G F N W K A S K N F S F Q A G Y I N R N S A D V S T V N C A m ' G G T G G T G T C T T T~C A C C C C G A~~~~A~M~~~T~~T~~~C A A~A C~
S G G V F G F T P T G T G T N S W D V N A Q V K Y Q T D N N C A A G T T C C G A~G C T C G C T A C G C T~C~T~C~A C~~~G A~C~A C~C C A A C~~C
K F R V A L A Y A L R N G R Y A T D F G T T N A F Q P F G A T A C C A A C T A C A A C A G C A A C M C~G e r~T~~~M~C G A T~~G A C~~~~C~A C~
T N Y N S N N L A L S L G W A I S D A V T L S A G Y G I G F T G T C A A T G A G C A A G G T A C G C C A A A A C G a ; A C T G L T C A G V N E Q G T N Q N A T V Q N Y A I G L T F P N L F A D G N E G l T T G G T G l T G C A G C A G G C C M~C~~~~A~~~M C C~C G T~~~~~
F G V A A G Q Q P W V S S A S N R S S E D T G S F G V E T Y C T A C k l l A T T C C A A G T G A C G C A A T A T~~A~A~C C T~A~A C~G T T C A A C A A~C~T~~~C~~C G A C
Y K F Q V T D N I S I T P G I Y V P N N T N G Q Q N G G T T T T A C~C C C T T C C T G A A A A C A~~C C~~A~T C A A~~A~A~T~G A T C G C A T C C T M C C A A~~C C
Y V P F L K T V F R F *
A computer-aided search (using the PIR and Swiss-Prot databases, provided by the DDB J e-mail server) revealed that SomA shares certain similarities with two other known bacterial proteins, although each similar region is located at different and limited portions of SomA (Fig. 5) .
A 90 amino acid sequence of SomA (positions 50-140) appears to be significantly similar to a portion of the Slayer protein of Thermus thermophilm (Fig. 5b ) (Faraldo e t al., 1992) . This N-terminal region of SomA is followed by a 200 amino acid region (positions 140-340), which resembles a portion of the flagellin (FlaA) of Campjlobacter coli (Fig. 5c ) (Guerry e t al., 1991) . It should also be noted that a more extensive similarity was found between SomA and a hypothetical protein predicted previously in another cyanobacterium, Sjnechoystis sp. strain PCC 6803 (data 4) , prepared from the somA deletion (lanes 2 and 4) and wild-type cells (lanes 1 and 3) .
not shown) (Zhang e t al., 1989) . However, nothing is known about this hypothetical protein.
The signal peptide-like sequence of SomA mediates protein translocation into the outer membrane of E. coli
As mentioned above, it was not possible to demonstrate that SomA has a cleavable signal peptide. Thus we addressed this issue using a model prokaryotic species, E. coli. E . cob' K12 possesses the well-characterized OmpF which is synthesized as a precursor with a typical cleavable signal peptide (Fig. 6a) (Mizuno e t a/., 1983). We constructed a somA : : ompF fusion gene which could specify a SomA : : OmpF fusion protein, in which an Nterminal portion of SomA was fused to the entire region of the mature OmpF protein (Fig. 6a ). This particular fusion gene was constructed on an E. coli expression vector (plasmid pSomA: : OmpF, see Methods). This plasmid was introduced into an E. coli mutant lacking OmpF and its expression was induced under the lac-lpp promoter of the plasmid. OMPs were purified from the E. coli cells and analysed by SDS-PAGE (Fig. 6b) . A large amount of SomA : : OmpF fusion protein was synthesized and translocated into the E. coli outer membrane (lanes + in Fig. 6b ; note that in the immunoblotting analysis the smaller band appears to be a degradation product of SomA::OmpF outer membrane functions as an essential receptor for phage Tu-Ia (Datta & Henning, 1977) . E. coli cells producing the SomA : : OmpF fusion protein supported the propagation of Tu-Ia, while the OmpF-strain did not (Fig. 6c ). This result indicated that the SomA::OmpF fusion protein can be properly incorporated into the outer membrane, thereby functioning as the receptor for Tu-Ia. The SomA::OmpF fusion protein was purified and subjected to N-terminal amino acid sequencing. The deduced sequence of Asn-Gly-Leu-Ser-Thr-Glu corresponds exactly to the amino acid sequence found in the near N terminus of SomA, extending from positions 25-30 (Fig. 6d) coli OMPs were purified from the cells producing the SomA::OmpF protein and then analysed by SDS-PAGE (lanes +) by comparison with the sample from the control cells (OmpF-, lanes -). (c) A cross-streak test with E. coli phage Tu-la. A lysate of Tu-la was pre-streaked on plates, then either the E. coli cells producing the SomA::OmpF protein or the control cells (OmpF-) were cross-streaked against it. The plates were incubated a t 37 "C overnight, and then photographed. (d) The putative signal sequence of SomA. The cleavage site was determined for the isolated SomA::OmpF protein (see b; the band corresponding to SomA::OmpF was isolated from the gel by electroelution. The sample was then directly analysed by an automated amino acid sequencer. Based on this result, the cleavage site was determined, as indicated by the arrowhead.
DISCUSSION
This study is the first report of the cloning and sequencing of a gene (somA) encoding a major OMP of the unicellular cyanobacterium .(i_ynechococcus sp. PCC 7942. SomA is one of the most abundant proteins of the total envelope proteins of Synechococczls sp. PCC 7942 (see Fig. 1, lane 1) . The physiological function of SomA is not known at present, since we have not been able to detect any noticeable phenotype for a somA : : neo deletion/insertion mutant under the growth conditions tested (see Fig. 4 ). E. coli K12 has three major OMPs, OmpA, OmpC and OmpF, each numbering approximately lo5 to lo6 molecules per cell. Both OmpC and OmpF play an important physiological role by forming voltage-gated passive diffusion pores (porin) which allow small molecular weight hydrophilic materials to cross the outer membrane (Nikaido, 1979) . With regard to its primary sequence, SomA is not similar to the OmpC and OmpF proteins. Voltage-gated porins are also known to exist in plant chloroplasts and their predicted sequences have recently been reported for non-green plastids from pea and maize (Fischer et al., 1994) , but the reported amino acid sequences are not similar to that of SomA. Recently, a pore-forming protein was purified from the outer membrane of S'necbococcus sp. PCC 6301 (Hansel e t al., 1994) . The apparent molecular mass of this protein was estimated by SDS-PAGE to be about 52000 Da, similar to that of SomA. It is not known at present whether or not these two proteins from different Sjnecbococcus species are homologous. In any case, it may be worth mentioning that Synecbococcus sp. PCC 7942 has another major OMP (SomB) which is encoded by a gene distinct from samA (see Fig. 4 ).
While the physiological function of SomA is not known at present, it shares certain similarities with two proteins, the cell-surface S-layer protein of T. tbermopbilus and the flagellin of C. coli (see Fig. 5 ). In particular, the polymeric S-layer protein appears to play a structural role. By this analogy, SomA may play a structural role by forming a protein layer on the cell surface.
Some of the thylakoid proteins in cyanobacteria must be transported completely across the thylakoid membrane into the thylakoid lumen, whereas cell envelope proteins must be transported across the cytoplasmic membrane into either the periplasmic space or the outer membrane. A crucial question is the mechanism responsible for the ability of cyanobacteria to discriminate between these two pathways for proper protein targeting. Are there two distinct types of translocation machinery in cyanobacteria, or are there two types of signal peptides for secretory precursors, one specific for the thylakoid lumen proteins and the other for the cell envelope proteins? Although several recent studies have addressed these questions, a clear answer has not emerged (Nakai e t a/., 1992 (Nakai e t a/., , 1994 Barbrook e t al., 1993; Mackle & Zilinskas, 1994; Chaddock et al., 1995; Varley e t al., 1995; Packer e t al., 1995) . The results implied that the cytoplasmic and thylakoid membranes share a common protein translocation machinery, which includes Sec proteins (e.g. SecA and SecY) as well as signal peptide peptidases (Kuwabara e t al., 1987; Philbrick & Zilinskas, 1988; Laudenbach e t al., 1990; Briggs e t al., 1990; Chitnis e t al., 1991 ; Zhang e t al., 1994; Shestakov e t al., 1994) . In this study, we compiled a list of putative signal peptide sequences for comparison to SomA; these include the periplasmic protein (RhdA, a rhodanese-like protein of Sjnecbococcus) (Laudenbach e t al., 1991) , as well as a number of thylakoid lumen proteins (Fig. 7) . The listed signal peptides all resemble each other with respect to their structural features. Specifically, they contain a positively charged N-terminal domain, a hydrophobic core sequence and a conserved signal peptide cleavage site. These are well-known characteristics for eubacterial signal peptides (von Heijne, 1994) . This observation explains the basis that the SomA signal peptide is capable of functioning in the translocation of OmpF in E. coli (see Fig. 6 ). It should be emphasized that MGKRTRR FWALAFSLLMGALIYLGNT PSALA f t e Fig. 7 . Comparison of the primary structures of cyanobacterial signal peptides. The SomA OMP (OM) was characterized in this study. The RhdA protein has been reported to be transported into the periplasmic space (PS). All others are known to be transported into the thylakoid lumen (TL). In each sequence, for clarity, a positively charged N-terminal domain (left), a hydrophobic core sequence (centre) and a conserved signal peptide cleavage site (right, arrowhead) are presented separately. The lower case letters for each sequence indicate the presumed N-terminal sequence of the corresponding mature form. These sequences (from top to bottom) were from those reported by the SomA signal peptide appears indistinguishable from, for instance, that of the thylakoid lumen protein, CytA (cytochrome 6-553) (Fig. 7) . These comparisons imply that protein targeting in cyanobacteria may not be achieved by radical differences in signal peptide structure.
